Abstract: N-Benzylmorpholine, -piperidine, and -pyrrolidine (1A-C, resp.) are oxidised by RuO4 (generated m situ) at both endocyclic and exocyclic (benzylic) N-c~ methylene positions to afford lactams (and dioxo-derivatives) and benzaldehyde (and benzoyl derivatives), respectively. The N-oxides of 1A-C, formed by a minor side reaction, are not involved as intermediates. Control experiments showed the transient formation of endo-and exocyclic iminium cations trapped with NaCN as the corresponding nitriles. The proposed course of the RuO4-mediated oxidation of 1A-C involves the consecutive steps 1 a iminium cations + cyclic enamine ~ oxidation products. The endocyclic/exocyclic regioselectivity of the oxidation reaction lies between 0.8 (for 1A) and 2.1 (for 1B). The amine cation radical and the N-c~-C. carbon centered radical seem not to be involved. 9 Central European Science Journals. All rights reserved.
Introduction
Since the introduction in 1953 of ruthenium tetraoxide as an organic oxidant [1] , this reagent has been widely used [2] to oxidise alkenes [3, 4] ,alkynes [4c] , alcohols [3, 4e, 5] , diols or sugars [6] , ketones [bb, 7] , acyclic or cyclic ethers (thioethers) [4b, 8] , amines
[9], amides (lactams) [9b-d, ~0] , and even aromatic rings [4b-c, be, 5i, ~a] (including heterocycles [11b-c] ) or alhnes [8d, 12] . It can be used stoichiometrically (in CC14 [ba] ) or in a catalytic amount (in heterogeneous mixtures) with respect to the substrate. The latter, a more economically viable method, requires an additional oxidant to re-oxidise 
3A-C
Several studies have shown that ethers undergo oxidation with RuO4 at the O-c~-C-H position to yield esters (including lactones) via a concerted reaction mechanism with an Sz2-1ike transition state [Sd] . Such detailed mechanistic studies, however, have not been per%treed on amines. In continuation of our work on the oxidation of tertiary amines [15] , which till now has been devoted to electron-transfer or hydrogen-atom-transfer processes, we needed an oxidation reaction occurring through another mechanism to be applied to our N-benzylated substrates. Accordingly, we decided to begin with the RuO4-mediated oxidation. It is known that tertiary cycloamines are oxidised by RuO4 at the N -a-C-H bond to afford in a first step amides (including lactams); further oxidation can give dioxo-derivatives. For instance, 4-benzylmorpholine (1A) gave 4-benzyl-3-morpholinone (2A) and 4-benzoylmorpholine (3A)in comparable yields [9b] (Scheme 1), meaning that both its endocyclic and exocyclic (i.e., benzylic) N-a-CH2 sites were attacked. However, using the same reaction conditions, the analogous piperidine (1B) and pyrrolidine (1C) derivatives yielded only the imides 4B and 4C, respectively, in moderate yields [9a] (Scheme l). According to Bettoni et al. [9a] , the lactams 2B-C could be present at a shorter reaction time, but no details on their isolation and characterisation have been offered. As the reactions of 1B-C gave highly regiospecific products we questioned why the morpholine 1A behaved so differently. With this in mind we repeated the RuO4-oxidation of the benzylated cycloamines 1A-C. As presented below, our results were quite different from those given in the literature. In addition, efforts were made to ascertain the true reaction intermediates, as the first step of a mechanistic study [16] .
Results and Discussion
Oxidation of amines 1A-C was performed according to the literature [9a -b] . The reaction time varied from 4 to 10 hours at room temperature~ depending on the substrate reactivity. Valuable information regarding the reaction course was obtained either at shorter reaction times or at normal reaction times~ but employing NaI04 alone or the RuO4/NalO4/NaCN system (cyano trapping). In all cases the reaction mixtures were analysed by 1H-and 13C-NMR spectroscopy and also by GLC in order to identify and then quantify the various oxidation products.
The products obtained from all reaction conditions are shown in Table 1 (entries 1-7)~ together with their corresponding yields. Investigations of the possible reaction intermediates were undertaken by several control experiments~ partly listed in Table 1 (entries 8-15). Because the identification of reaction products was mainly achieved by 1H-and 13C-NMR~ the spectral features of all compounds of interest have been collected in Table 2 (see Experimental) .
Oxidation by RuO4 (+ NaIO4)
Contrary to the literature data [9a-b]~ the oxidation of 1A-C gave in our hands a wide array of reaction products~ as depicted in Scheme 2 and discussed below. This discrepancy could be due to that of the work-up protocol followed by the respective authors. For example~ column chromatography was used for the isolation of the reaction products [9a-b~9e-f]. To the contrary~ we performed direct analysis of the reaction mixtures~ prior to and after solvent evaporation~ in an effort to avoid extensive work-up.
Furthermore~ besides the expected [9b] morpholinone 2A and benzamide 3A~ morpholine 1A yielded the 2~3-dioxo derivative (5A)~ two acyclic formamides (6A and 7A)~ benzaldehyde (9)~ benzoic acid~ and the N-oxide 10A (Table 1~ entry 1) . Compounds similar to 5A and 6A were also obtained from the RuO4-oxidation of 1 ~4-dibenzylpiperazine [9f]~ a substrate analogous to 1A. Control experiments showed that 2A~ 3A~ 5A~ and 6A are all stable in our reaction conditions. At the same time~ compound 7A gave with the RuO4/NaI04 system the glycine derivative 8D (entry 8)~ meaning that the aliphatic aldehyde~ formed transiently from 7A~ was easily oxidised further to the corresponding carboxylic acid. For identical oxidation experiments of 1A~ the sum 6A+7A remained constant~ but the ratio 6A/7A varied slightly. These facts and the lack of 8D in the oxidation mixture of 1A suggest that only 6A is a true oxidation product; compound 7A could be a result of mild hydrolysis of ester 6A during the alkaline work-up. Similarly~ the benzoic acid~ found in small amounts in all reactions giving the aldehyde 9~ could be formed by air-oxidation of benzaldehyde~ again during the reaction mixture work-up. Consequently~ the yields of 6A (entries 1 and 5) and 9 (entries 1-7 and 9-15) given in Table 1~ actually refer to the experimental values of 6A+7A and 9+benzoic acid sums~ respectively. Amine oxide 10A (as well as 10B-C) is not stable towards Ru04~ but this behaviour will be discussed in Section B.
The analogous oxidation of piperidine IB gave lactam 2B, benzamide 3B, imide 4B, 2,3-dioxo derivative 5B, acid 8B, benzaldehyde (9) and the N-oxide 10B (entry 2). Occasionally, in some runs, the aliphatic aldehyde 6B was observed too ((~H ~ 9.7 (CH2-CH0); @ 200.7+201.4 (CH2 -CH0)), but it is likely to be easily oxidated by the Ru04/NaI04 mixture to the corresponding acid 8B, as indicated by the behaviour of 7A described before. In contrast to the lability of 6B, compounds 3B, 4B, 5B, and 8B were all stable in the oxidation reaction conditions. At the same time, as expected from the literature [9a], the imide 4B derived from the lactam 2B; some benzaldehyde also resulted in this case (entry 9).
In similar fashion to 1B, the pyrrolidine analogue 1C was also reacted (entry 3). Additionally, 2C, 3C, 4C, 5C, 8C, 9, and the N-oxide 10C were all identified in the reaction mixture, along with some 2-pyrrolidinone (11C) and an unknown compound (unk). According to the NMR data [17] , the latter product contains a benzylic group and at least one carbonyl function, thus justifying its entrance in column 3. Compounds 3C, 4C, 5C, and 8C were not susceptible to further reaction, but the lactam 2C yielded the expected [9a] imide 4C (and some benzaldehyde) on oxidation (entry 10). The compound llC could have resulted either from 2C [i.e., 2C ~ 4C+9 ( llC) ] or by oxidation of pyrrolidine (12C) formed from the reaction 1C ~ 9+12C. Taking into consideration the low degree of further oxidation of 2C, as shown by the yields of 2C (unreacted) and 4C (formed), and the data of entry 10, it suggests that llC was mainly formed from transient 12C. Although 11C corresponds to an endocyclic oxidation (of an intermediate and not of 1C), it was written in column 5 and not in column 3 in order to make the regioselectivity calculation easier (see Section D).
Oxidation of 1A-C with NalO4 alone gave the oxides 10A-C, respectively, in moderate to high yields and small quantities of some of the same oxygenated compounds previously found in the corresponding RuO4-mediated reactions. The best yield of Noxide was obtained from 1A (entry 4). At a first glance, this seems to imply an N-oxide as the first intermediate formed during the RuO4-oxidation of our amines, from which all other oxygenated compounds derive. Moreover, for the reactions listed in entries 1-3, the N-oxide might be the true active oxidant and not RuO4. Both these hypotheses proved to be erroneous, as shown in the following.
Behaviour of the N-oxides 10A-C
In the same conditions as those of entries 1-3, the amine oxides 10A-C, synthesised independently, were submitted to the RuO4/NaIO4 oxidation system. Analysis of the reaction mixtures (entries 11-13, respectively) revealed the presence of the same oxygenated compounds as those obtained in their parent amines' reactions, but in different relative ratios. We note also that the substrate conversions were 3.5-5 times smaller than those of the corresponding amines. Unfortunately, the identified reaction products covered only about 55% of the reacted 10A-C. According to the NMR spectra, there were at least eight unidentified compounds, all containing aromatic moieties. Three of them were present in relatively higher amounts: probably, at least one has a benzyl group and another a phenyl ring linked to an O-or N-(substituted)alkyl group [18] . Because their structures are still unknown, they were located arbitrarily in column 6. All these unidentified compounds have been absent in the RuO4-oxidation mixtures of 1A-C.
We at first suspected that the unidentified compounds originated from 10A-C by an unknown and non RuO4-involving reaction. However, blank experiments have shown that 10A-C are stable in the CCl4/water mixture (i.e., in the absence of RuO4 and NalO4). At the same time, the unidentified phenyl-containing compounds had resulted from 1A-C when the co-oxidant NalO4 was replaced by a non-benzylic N-oxide, such as the commercially available MMO (4-methylmorpholine-4-oxide). An example is offered for 1C in entry 14. This new type of oxidation occurred better in the presence of RuO4 with respect to the substrate conversion, but the nature and relative ratios of the reaction products were not altered. Therefore, all reaction products listed in entries 11-13, including those of the so-called unidentified products, should be derived from another compound, originating itself from 10A-C. This intermediate could be the corresponding amine. Indeed, if the oxidation of 10A-C was stopped at a shorter reaction time, some parent amine should appear in the respective mixtures (see entry 15 for 10A). We believe that the N-oxide could act as an oxidant of the reduced form of NalO4 and/or of RuO4 formed transiently. Since the N-oxides are much more soluble in water than in CCI4 and the opposite is true for RuO4 [19] , the former seems more probable. Whatever being the partner, the N-oxide is reduced to the parent amine, thus explaining its presence in the early reaction stage.
Although the complete elucidation of the behaviour of N-oxides towards the RuO4/NaIO4 system is out of the scope of this paper, the data presented before clarifies two points. Thus, on one hand, the origin of the reaction products listed in entries 11-13, including that of the unidentified compounds, might be the intermediate formation of the corresponding amine, as outlined before. On the other hand, the oxidant active in entries 11-13 seems to be the N-oxide itself and not RuO4, as sustained by the reactions with MMO. Indeed, if the oxidation products are derived from the corresponding amine regardless of the starting substrate (i.e., amine or its N-oxide), similar reaction mixtures should be obtained in both cases, which does not fit in with our experimental results (compare the entries 1-3 and 11-13, respectively) .
With all these considerations in mind, the reactions of entries 1-3 can be inferred to RuO4 as an oxidant. At the same time, the N-oxide, formed by a minor, side reaction, plays a negligible role in the formation of the respective reaction products. In addition to the experimental data discussed before, some calculations could also be of interest. Thus, the yields of the N-oxides 10A-C listed in entries 1-3 (column 5), respectively, belong to their unreacted amounts. Taking into consideration also the conversions of these compounds when submitted to oxidation (entries 11-13, column 1), one can calculate their corresponding maximum yields attainable in the reactions of entries 1-3. Values between 5 (from 1B) and 9 % (from 1C) result, which are very similar to those efl)ctively observed. In other words, within the reaction conditions of entries 1-3, the amounts of reacted N-oxides cannot explain the observed yields of the reaction products. However, if the N-oxides are not the reaction intermediates, what are the real intermediates? A possible response is offered below.
Cyano trapping
The RuO4-oxidation of 1A-C was repeated in the presence of excess NaCN (Table 1 , entries 7-9). The substrate conversions were smaller than those of entries 1-3, but the analysis of the corresponding reaction mixtures was relatively more simple. Along with some oxygenated compounds, the main reaction products were two nitriles (Scheme 3), covering at least 80% of the reacted substrate: one has the CN group in the N-c~ position of the aliphatic ring (13A-C, resp.), the other in the benzylic position (14A-C, resp.).
In the case of 1A as a substrate, compound 15 did not %rm. There%re, it is clear that only the N -c~ positions have been functionalized, the other heteroatom in the molecule (i.e., oxygen) being inert in these reaction conditions.
Formation of nitriles 13 and 14 suggests the transient existence of the corresponding iminium cations 16 and 17 (Scheme 3), respectively, which were efficiently trapped by the nucleophilic cyanide anion. Similar reactions are known in the literature [20] . However, we must add here that the N-oxides 10A-C were inert in these conditions, in agreement with the a%rementioned considerations about their non-participation in the RuO4-oxidation of amines 1A-C. At the same time, the oxidation of lactams 2B-C was not influenced by the presence of NaCN (entries 9 and 10, respectively), suggesting a different mechanism in action for this particular class of compounds.
Mechanistic considerations and regioselectivity
With respect to the experimental facts presented, the RuO4-mediated oxidation of the tertiary amines IA-C could be tentatively seen as occurring through the steps depicted in Scheme 4. Thus, the substrates are initially converted into two kinds of iminium cations, depending on the attacked N -a site: endocyclic (16A-C) or exocyclic (17A-C). Both types of iminium cations can be trapped by a nucleophile to yield the nitriles 13A-C and 14A-C, respectively, (if cyanide ion is present) and/or the alcohols 18A-C and 19A-C, respectively (water molecule as a nucleophile). RuO4-Mediated oxidation of these alcohols gives lactams (2A-C) and benzoyl derivatives (3A-C), respectively. Compounds 2B-C undergo further oxidation to imides 4B-C, as discussed be%re. Carbinols 19A-C are the condensation products of benzaldehyde (9) with the corresponding N-unsubstituted amine, this equilibrium being largely shifted to the left. Therefore, 9 and 12A-C are the expected compounds deriving from 19A-C. Carbinol 19B is known from the literature as an unstable hygroscopic solid [21] . In our hands, its instability proved to be so high that simple dissolution in CDC13determined full conversion to a 9+12B equimolar mixture (NMR results). Alternatively, an equimolar mixture of benzaldehyde and piperidine in CDCla remained as such %r a week and only a minor amount of benzal-dipiperidine [22] was observed. However, both 9 and 3(A-C) are present in our oxidation mixtures in about 7/1 molar ratio. Consequently, to the extent of which our Scheme 4 is correct, the decomposition/oxidation rate ratio of carbinols 19A-C seems to be around 7/1 in these particular conditions.
The iminium cations 16A-C can be alternatively deprotonated to the cyclic enamines 20A-C. The required base may possibly be the starting amine itself, at least at the The endocyclic/exocyclic regioselectivity (/~S) of the oxidation reaction is given by the ratio 16/(2• where the factor 2 counts for the statistical correction. Taking into consideration the depicted trans%rmations of these two species (Scheme 4) and the data of Table 1 , /~S can be given by dividing the sum of yields of column 3 to the corresponding one of column 4. More accurately, some corrections could be made in the case of 9 (entries 2 and 3), whose real yields should be smaller than those quoted because of the extra benzaldehyde %treed from the reaction 2B-C ~ 9+4B-C. However, the relatively low yields of 4B-C, combined with the data of entries 9 and 10, clearly show that the a%rementioned corrections are negligible. Accordingly, the yields of 9 can be used as listed in Table 1 .
The calculated regioselectivities are written in column 6 of Table 1 . We note that, within the experimental errors (• 20%), identical values are obtained %r the RuO4-mediated oxidations of 1A-C, respectively, in the absence (entries 1-3) or in the presence of NaCN (entries 5-7). At the same time, the morpholine 1A and pyrrolidine 1C do not show a particular preference between the two reactive sites. To the contrary~ in the case of piperidine 1B~ the endocyclic site was twice as active as the corresponding exocyclic site. On the other hand~ the aliphatic ring size seems to also influence the regioselectivity. Thus~ RS diminishes significantly on passing from a six-(1B) to a five-membered cycloamine (1C). This tendency was confirmed when the oxidation has been extended to N-benzylazetidine and -aziridine [16] . One might speculate about the different Cri~,g-H bond energies in this series~ but more work is needed on this argument. Unfortunately~ similar RS calculations cannot be made for the reactions of 10A-C {entries 11-13)~ a consequence of the high cumulative yield of the unknown compounds. However~ our RS values of 1A-C are congruent between themselves and highly different from those suggested previously in the literature {9a -b] .
In a previous paper [15a]~ we discovered that 1B undergoes oxidation to 2B and 9~ but only undergoes to 9 in a bona fide hydrogen-atom-transfer {HAT) and electrontransfer (ET) conditions~ respectively. In the first case~ the endocyclic/exocyclic RS had a value of 0.4. Also~ it is recalled~ that an N-c~-C carbon-centered radical and an amine cation radical were involved~ respectively~ in the aforementioned reactions. Comparison of these data with those found in the present work seems to favour a completely different mechanism for the RuO4-oxidation~ which is in accord with our expectations. However~ because the present work does not clarify the formation of the iminium intermediates and the rate-determining step remains unknown~ only a detailed kinetic study may show the real nature of this mechanism [16] .
Conclusions
N-Benzylated cycloamines 1A-C underwent RuO4-mediated oxidation by attack at both the endocyclic and exocyclic (i.e.~ benzylic) N-c~-CH2 sites~ with poor regioselectivity. The first significant step was the formation of the corresponding iminium cations~ (confirmed by trapping as nitriles in the presence of NaCN)~ then identification of lactams (2A-C)~ cyclic 2~3-dioxo derivatives (5A-C)~ acyclic oxygenated compounds (6A~ 8B-C)~ benzoyl derivatives (3A-C) and benzaldehyde as reaction products; further oxidation of 2B-C gave the imides 4B-C only to a minor extent. Only 2A~ 3A~ and 4B-C have been isolated so far {9a -b] . The N-oxides of 1A-C were not involved as reactive intermediates. Comparison of these data with those previously observed [15a] %r 1B suggested %r the RuO4-oxidation of 1A-C a mechanism different from an electron-transfer or hydrogen-atom-transfer type.
Experimental Section

General
Melting points were taken on a Kohler hot plate and are uncorrected. Gas-chromatographic analyses were per%treed with a HRGC Mega Series 5300 Carlo Erba instrument fitted with a SE-52 (methylphenylsilicone) 25 m x 0.3 mm fused silica capillary column, using hydrogen as a carrier gas and a programmed temperature protocol. 1H-and 13C-NMR spectra were registered either on a Varian Gemini A 300A apparatus or on a Bruker Avance DRX 400 instrument. The 1H-and 13C-NMR chemical shifts are expressed in ppm with respect to internal (CH3)4Si (0 ppm) and CDC13 (77.01 ppm), respectively.
Materials
Hydrated ruthenium dioxide (60%, Aldrich), sodium periodate (Merck), 1-benzyl-2-pyrrolidinone (2C, Aldrich), 2-pyrrolidinone (llC, Aldrich), and 4-methylmorpholine-4-oxide monohydrate (Aldrich) were used as purchased. Carbon tetrachloride (Merck) was stored over anhydrous Na2CO3 and filtered prior to use. , 13A-C [30] , 14A-C [20d,31], 15 [32] , and 19B [21] are known from the literature and were synthesised according to published procedures.
NMR spectra
The 1H-and 13C-NMR spectral features of 2-8 and 10-14 are collected in 
N-Benzyl-N-(2-formyloxyethyl)formamide (6A)
N-Benzyl-2-aminoethanol (3 g, 0.02 tool; Merck) was added to a solution of formic acid (80%; 7 g, 0.12 tool; Chimopar) in benzene (20 mL) and the whole mixture refluxed in a Dean-Stark apparatus. After the separation of the required amount of water, the solution was washed with water until neutral, dried (Na2SO4) and then evaporated in vacuo.
Distillation gave 6A (1.2 g, yield 29%) as a colourless liquid, b.p. 83~ mmHg. Elemental analysis yielded (%): C (63.73), H (6.30), N (6.97); theoretical for CnH,3NO3 (%):C (63.76), H (6.32), N (6.76). Its NMR characteristics are listed in Table 2. 4.5 N-Benzyl-N-(2-hydroxyethyl)formamide (TA) It was obtained from 6A in a 66% yield by treatment with excess 5% aqueous NaHCOa at room temperature. M.p. 45-47C (from ether). Elemental analysis yielded (%): C (67.10), H (7.49), N (7.67); theoretical for C,0H,3NO2 (%):C (67.02), H (7.31), N (7.S2).
Its NMR %atures are presented in Table 2 .
Oxidation by RuO4(+NaIO)4
To a mixture of CC14 (5 mL) and aqueous NaIO4 solution (10 mL, 0.4 M) hydrated RuO2 (10 rag) was added, followed by one mmol of substrate (in 5 mL of CC14). In the case of solid 10A-C, which are insoluble in CCI4, RuO2 was added to the previously made CC14/aq. NaIO4 (10/10; mL/mL) mixture, followed by the substrate added as such. In all cases the whole mixture was magnetically stirred for 2-10 hours at room temperature. Separation of the lower phase was followed by extraction of the aqueous layer with 2 x 1.5 mL of CCI4. The combined CC14-1ayers were treated with 2-propanol (Note), in order to destroy any unreacted RuO4, filtered, quantitatively transferred into a volumetric flask, and divided into two unequal parts. To the smaller part a standard (usually benzophenone) was added, the whole mixture washed with dilute HC1 solution and the separated organic layer analysed by GLC, in order to determine the benzaldehyde formed. The larger portions of the CC14-solution was freed from the solvent to give the residue I. The previously separated aqueous solution was slightly basified with NaOH and continuously extracted with CH2C12. The organic layer was separated, dried and then evaporated ir~ vaeuo to leave the residue II. The basic aqueous solution was acidified with HC1 and the CH2C12-extraction repeated. This last organic layer gave the residue III after solvent evaporation. Each of residues I, II or III was taken-up in CDC13 and analysed by 1H-and 13C-NMR, in the presence of a known amount of an internal standard (usually cyclohexane). The GLC-and NMR-estimated yields of the various reaction products were corrected for the work-up losses, determined at their turn with synthetic mixtures of the respective compounds. Identification of the reaction products was achieved by successive addition of authentic preparatus into the analysed sample. As an example, the average distribution of the reaction products from 1A was the following: 1A (unreacted), 2A, 3A, 5A (mostly), 6A, 9 (residual), and benzoic acid (traces) in residue I; 5A (traces), 7A, and 10A in residue II; benzoic acid (mostly) in residue III.
Note. The initial CCI4 solution, prior to the addition of 2-propanol, did not contain any N-oxide (by NMR). At the same time, the molar NMR-ratios of the main constituents present in the initial CCI4 solution were identical to those found in residue I, except for 9.
Oxidation by NaIO4
Reactions with NaIO4 alone were performed in identical conditions as before, but without adding RuQ. The heterogeneous reaction mixture was filtered from some white solid, which was washed on the filter with 2 mL of CC14. The lower layer was separated from the biphasic filtrate and the aqueous layer extracted with CC14 (2 mL). The subsequent operations were identical to those used in the RuO4-mediated oxidations.
Cyano trapping
Oxidations with the RuO4/NalO4/NaCN system were conducted similarly to those without NaCN, but 200 mg (4 retool) of NaCN (in 10 mL of water) was added to the reaction mixture before adding RuO2. The work-up was identical too, but the acidification step and the subsequent CH2C12-extraction were carefully made in a good hood.
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Tertiary amines
